The role of dopamine (DA) in rewarding motivated actions is well established but its role in learning how to avoid aversive events is still controversial. Here we tested the role of D2-like DA receptors in the nucleus accumbens (NAc) and the dorsolateral striatum (DLS) of rats in the learning and performance of conditioned avoidance responses (CAR). Adult male Wistar rats received systemic, intra-NAc or intra-DLS (pre-or post-training) administration of a D2-like receptor agonist (quinpirole) or antagonist ((À)sulpiride) and were given two sessions in the two-way active avoidance task. The main effects observed were: (i) sulpiride and lower (likely pre-synaptic) doses of quinpirole decreased the number of CARs and increased the number of escape failures; (ii) higher doses of quinpirole (likely post-synaptic) increased inter-trial crossings and failures; (iii) pre-training administration of sulpiride decreased the number of CARs in both training and test sessions when infused into the NAc, but this effect was observed only in the test session when it was infused into the DLS; (iv) post-training administration of sulpiride decreased CARs in the test session when infused into the NAc but not DLS. These findings suggest that activation of D2 receptors in the NAc is critical for fast adaptation to responding to unconditioned and conditioned aversive stimuli while activation of these receptors in the DLS is needed for a slower learning of how to respond to the same stimuli based on previous experiences.
Introduction
There is compelling evidence that cortical neurons which encode warning stimuli project to striatal neurons that trigger specific actions (Da Cunha et al., 2009; McGeorge & Faull, 1989; Parent & Hazrati, 1995; Voorn, Vanderschuren, Groenewegen, Robbins, & Pennartz, 2004) . Moreover, phasic release of dopamine (DA) in the striatum strengthens the synaptic connections between these neurons (Matsumoto & Hikosaka, 2009 ). This increases the likelihood of an action occurring in response to a specific warning stimulus and can be considered as a memory trace for the conditioned avoidance response (CAR) (Da Cunha et al., 2009) .
Activation of DA D2-like receptors is critical for some kinds of synaptic plasticity in the striatum (Lovinger, 2010) . In addition, activation of D2 receptors can inhibit the firing of those striatal neurons that prevent the onset of actions, including both avoidance actions and actions that are irrelevant or concurrent to an avoidance response. This is caused by activation of post-synaptic D2 receptors expressed in the striatal neurons of the so-called indirect pathway (Surmeier, Ding, Day, Wang, & Shen, 2007) . D2 receptors are also expressed in pre-synaptic terminals in the striatum that, when activated, inhibit release of glutamate and DA from nerve terminals (Dias, Carey, & Carrera, 2010; Hooper, Banks, Stordahl, White, & Rebec, 1997 ). Therefore, depending on which particular D2 receptors are activated -pre-or post-synaptic -there might be an improvement or impairment of CAR learning and performance. This is further complicated by evidence that DA receptors expressed in different regions of the striatum play different roles in the learning and performance of conditioned actions -though this is better established for appetitively motivated learning (Day & Carelli, 2007; Fadok, Darvas, Dickerson, & Palmiter, 2010; Yin, Ostlund, & Balleine, 2008) .
Avoidance is a form of instrumental behavior that prevents an aversive event. CAR involves Pavlovian and instrumental conditioning (Wadenberg, 2010) and can be performed either in goal-directed or habitual manners. A response is considered goal-directed when its frequency is affected by the outcome, and is considered habitual when it is automatically triggered by a conditioned stimulus (CS). In addition, goal-directed actions are learnt and extinguish more quickly than S-R habits (Balleine, Delgado, & Hikosaka, 2007) . The dorsolateral striatum (DLS) is needed for learning stimulus-re-sponse (S-R) habits (Balleine & O'Doherty, 2010; Yin & Knowlton, 2006) while the nucleus accumbens (NAc) is needed for both learning about and the expression of certain forms of Pavlovian conditioning (Day & Carelli, 2007; Fadok et al., 2010; Parkinson, Olmstead, Burns, Robbins, & Everitt, 1999) -it contributes to motivational control of instrumental performance and is important for the maintenance of goal-directed actions (Balleine & O'Doherty, 2010; Yin et al., 2008) .
Though a CAR deficit is common to all antipsychotic drugs (Wadenberg, 2010 ) the only study that has addressed the roles of the NAc and DLS in it (Wadenberg, Ericson, Magnusson, & Ahlenius, 1990) did not focus on CAR learning, but only on performance. This is the aim of the present study: we hypothesize that, whereas NAc D2 receptors play a role in CAR learning when it occurs quickly (as in learning of goal-directed actions) DLS D2 receptors play a role in CAR learning when it occurs slowly (as in S-R habit learning). These hypotheses were tested in rats that received infusion of D2 receptor agonists and antagonists directly into these brain structures and were given two sessions of two-way active avoidance.
Materials and methods

Animals
Two hundred and thirty-four adult male Wistar rats from our own breeding stock were used, weighing 280-310 g at the beginning of the experiments. They were maintained in a temperature-controlled room (22 ± 2°C) on a 12-h light/dark cycle (lights on, 7:00 a.m.) with water and food available ad libitum. Efforts were made to minimize the number of animals used and their suffering in the experimental procedures. These procedures were approved by the Animal Care and Use Committee of the Universidade Federal do Parana (protocol number 440) and are consistent with international legislation (EC Council Directive, 24 November 1986; 86/609/EEC). The number of rats per group is indicated in the figure legends.
Surgery
Seven days before the start of behavioral experiments, the rats received atropine sulfate (0.4 mg/kg, i.p.) and penicillin G-procaine (20,000 U in 0.1 mL, i.m.) and were anesthetized with 3 mL/kg equithesin (1% sodium thiopental, 4.25% chloral hydrate, 2.13% magnesium sulfate, 42.8% propylene glycol, and 3.7% ethanol in water). Stainless-steel guide cannulae (1 cm long, 23-ga) were implanted bilaterally, aimed 2 mm above the DLS or NAc, according to the following coordinates adapted from the atlas of Paxinos and Watson (2005) : DLS: AP 0.0 mm from bregma; ML ±3.8 mm from midline; DV À2.8 mm from skull surface; NAc: AP +1.7 mm from bregma; ML ±1.6 mm from midline; DV À5.2 mm from skull surface. The cannulae were fixed with polyacrylic cement anchored to the skull with stainless-steel screws. After surgery, the rats were allowed to recover from anesthesia in a temperature controlled chamber and then placed back in their cages.
Drug administration
Quinpirole and (À)sulpiride (both Sigma-Aldrich, St. Louis, MO, USA) were dissolved in 1 mL/kg body weight acidified saline (0.9% NaCl) for i.p. injections and in 0.4 lL/side acidified artificial cerebrospinal fluid (aCSF: 8.66 g NaCl, 0.205 mg KCl, 0.176 g CaCl 2 Á2H 2 O, and 0.173 g MgCl2Á6H 2 O in 1 L water) for intra-NAc and intra-DLS injections (the pH of solutions was adjusted to 7.4 after the drugs were dissolved). Pre-training drug doses were chosen based on previous studies showing that, at the chosen doses, they produce reliable behavioral effects (Crescimanno, Emmi, & Amato, 1998; Dias et al., 2010; Stuchlik, 2007; Swanson, Heath, Stratford, & Kelley, 1997; Wadenberg et al., 1990) . Later, we selected the most effective doses for post-training treatments. The i.p. administrations were given 20 min before or immediately after the training session; intra-NAc and intra-DLS administrations were given immediately before or immediately after the training session. Intra-cranial administration was made bilaterally through a pair of 30-ga needles extending 2 mm beyond the tips of the implanted guide cannulae. They were gently inserted into each cannula while the rats were held. The injector was connected by polyethylene tubing to a 10 lL Hamilton syringe mounted in an automatic microinfusion pump (Insight Instruments, Ribeirao Preto, Brazil) and the drug solution was injected over 30 s. The needles remained in place for an additional minute after infusions were completed. Control animals received aCSF instead of drug solution.
Two-way active avoidance
The test apparatus was an automated 23 Â 50 Â 23 cm shuttlebox (Insight Instruments, Ribeirao Preto, Brazil) with a Plexiglas front panel and floor made of parallel 5 mm caliber stainless-steel bars, 15 mm apart. The box was divided into two equal size compartments by a wall with a door that remained open during the tests. The animals were given training and test sessions, carried out 24 h apart. In each session, after 10 min (training) or 5 min (test) of habituation, 40 light cues (maximum duration of 20 s) were paired with a subsequent 0.4 mA footshock (maximum duration of 10 s, starting 10 s after the CS onset) until the animal crossed to the other compartment. The light cue consisted of illumination of 230 W light bulbs that were centered on each side of the rear of the chambers. The rat could turn off the light and avoid footshock by crossing to the other chamber during the presentation of the CS. If the rat did not avoid the shock by moving in advance of onset, it could still escape by crossing to the other chamber. The time between each trial varied randomly, ranging from 10 to 50 s. The numbers of active avoidances, escape failures, and inter-trial crossings (ITC) between the two compartments were recorded automatically.
Histology
At the end of the experimental procedures, all rats were killed with an overdose of pentobarbital. To check for cannulae placement, rats were transcardially perfused with saline solution, followed by 4% paraformaldehyde; the brains were immediately post-fixed in the same fixative containing 20% sucrose for 48 h before sectioning. The brains were cut in the frontal plane in 40 lm thick sections with a vibrating blade microtome (Leica, VT1000 S, Bensheim, Germany). The sections were mounted on gelatincoated slides and stained with thionin.
Statistical analysis
The number of avoidances, escape failures, and ITC were analyzed by two-way ANOVA with repeated measures (session) followed by post-hoc Newman-Keuls tests. Data of all rats that received pre-training drug treatments were analyzed. However, four rats which underwent post-training treatments were excluded according to the following criterion: scoring less than 10 CARs or more than 10 escape failures in the training session. This procedure aimed to guarantee that the rats included had properly learnt the task, a condition needed to test post-training effects of the drugs on memory consolidation. Latencies to respond to the first footshock presentation were analyzed by one-way ANOVA.
Differences were considered to be statistically significant when P < 0.05.
Results
Effects of systemic administration of quinpirole and sulpiride on two-way active avoidance
ANOVA statistics are shown in Table 1 . The pre-training treatments' effects are shown in Fig. 1A . Post-hoc analysis showed that pre-training administration of 0.05 and 0.1 mg/kg quinpirole -doses reported to act pre-synaptically (Swanson et al., 1997) caused a significant reduction in the number of CARs in both training and test sessions. The idea that these are pre-synaptic effects is supported by the finding that 0.1 mg/kg quinpirole also caused a significant increase in the number of escape failures. On the other hand, the same effect was not observed with 1 mg/kg quinpirole, a dose that significantly increased locomotor activity (ITC) in the training session, probably because it acted on post-synaptic receptors (Swanson et al., 1997) . Pre-training administration of 1-100 mg/kg sulpiride caused a dose-dependent and significant reduction in the number of avoidances in the training session, but only the higher dose caused a significant reduction in the number of avoidances in the test session. This higher dose of sulpiride also caused a significant increase in the number of escape failures. No significant effect was observed in the rats that received quinpirole or sulpiride injections immediately after training (Fig. 1B) . Similar conclusions were drawn from analysis of the latencies to respond to the US and CS in the first day of training (Fig. S1 ) and the number of avoidance responses scored in blocks of 10 trials (Fig. S2) .
3.2. Effects of intra-Nac and intra-DLS infusions of quinpirole and sulpiride on two-way active avoidance scores ANOVA statistics are shown in Table 1 . Data shown in Figs. 2A and 3A confirm our prediction that drugs acting on D2 receptors cause an immediate effect on CARs when infused into the NAc, but a delayed effect when infused into the DLS. In addition, as shown in Fig. 2B , blockade of D2 receptors in the NAc appears to impair memory consolidation. However, data shown in Fig. 3B do not support a role of DLS D2 receptors in memory consolidation.
The effects of pre-training intra-NAc administration of these drugs are shown in Fig. 2A . Sulpiride, at the given doses, prevented CAR almost completely in the training session and caused a significant reduction in the number of avoidances in the test session. This treatment also caused a significant increase in the number of escape failures and a significant reduction in the number of ITC in the training and test sessions. These effects are consistent with the antipsychotic properties previously reported for sulpiride and other D2 DA-R antagonists (Wadenberg, Kapur, Soliman, Jones, & Vaccarino, 2000; Wadenberg et al., 1990) . No doses of quinpirole affected the number of avoidances or ITC in either training or test sessions, but 5 lg/side caused a significant increase in the number of escape failures in the training session. The effects of post-training intra-NAc administration of these drugs are shown in Fig. 2B . It caused a significant reduction in the number of CARs and ITC in Fig. 3B . Post-hoc analysis showed no significant effects among the groups, in either training or test sessions. Similar conclusions were drawn from analysis of the latencies to respond to the US and CS on the first day of training (Fig. S1 ) and number of avoidance responses scored in blocks of 10 trials (Fig. S2) .
Unconditioned reaction time to the footshock
One-way ANOVA of latency to respond after first presentation of footshock (by escaping to the other shuttle box chamber) showed the following effects: (i) i.p. administration (Table 2) : [F(5, 55) = 1.88; P = 0.11]; (ii) intra-NAc (Table 3) : [F(4, 44) = 2.60, P < 0.05]; (iii) intra-DLS (Table 3) : [F(4, 41) = 2.94, P < 0.05].
Histology
All cannulae were appropriately located, as shown in Fig. 4 .
Discussion
The main finding of the present study was that blockade of D2-like receptors in the NAc caused an immediate reduction in the number of CARs but blockade of D2 receptors in the DLS caused a decrease in CAR responding only in the test session. This suggests that activation of D2 receptors in the DLS is needed for a slow learning of CAR, as occurs for S-R habit learning, while activation of D2 receptors in the NAc is needed for fast learning of CAR, as occurs for learning goal-directed actions. This is in agreement with the hypothesis that S-R habits depends on the DLS and Pavlovian conditioning and goal-directed actions depends on the NAc (Balleine & O'Doherty, 2010) .
There are four methodological issues that require comment. (i) Quinpirole (5 lg/side) decreased avoidance responses when injected post-training into the NAc, but not when injected pre-training. This could have occurred because the memory trace is reinforced gradually during the long training session and is stronger to be consolidated at the end of the session. On the other hand, when quinpirole was injected into the striatum 20 min before training, its concentration decreased gradually and might have been below a critical level to affect consolidation by the end of the session. Therefore, its concentration might have been above a critical concentration to affect memory consolidation when it was injected post-, but not pre-training. (ii) A combination of some immediate and delayed effects of intra-NAc and intra-DLS on CAR was observed after systemic administration of sulpiride. Even 0.05 mg/kg -which did not affect locomotor activity (ITC) and did not cause escape failures -decreased the number of CARs in both training and test sessions. On the other hand, 1 mg/kg quinpirole increased locomotor activity and decreased the number of CARs in test but not training sessions. This probably occurs because at the lower dose quinpirole acts on pre-synaptic D2 receptors (decreasing the release of DA and glutamate) but at the higher dose it also acts on post-synaptic D2 receptors (Perreault et al., 2006) . Pre-training injection of 0.1 mg/kg quinpirole also affected learning but, when injected immediately after training it did not affect memory consolidation. This might have occurred because the time window in which the drug affects consolidation is short but the training session was long. In addition, different to intra-NAc injections, some time is needed for the drug to reach the D2 receptors in the striatum after systemic administration. These systemic effects suggest that some side effects of antipsychotics could be mediated by DLS and NAc D2 receptors. Similar deficits in responding to cues of rewarding events have been reported for schizophrenics and are attributed to a dysfunctional mesolimbic DA system (Simon et al., 2010; Simpson, Kellendonk, & Kandel, 2010) . (iii) Our results are consistent with a previous study reporting that sulpiride (0.2 lg/ side) caused an immediate reduction in CAR performance when infused into the NAc, but when it was infused into the DLS it caused the same effect only when administered 90 min before (Wadenberg et al., 1990) . The authors attributed this delayed effect to a slow diffusion of the drug to the NAc. This explanation does not apply to the present results because we observed this effect 24 h after intra-DLS administration, while post-training administration of 0.2 lg/side sulpiride did not cause the same effect. In addition, if it were the case that diffusion between regions was a significant factor, higher doses of sulpiride infused into the DLS would be expected to cause higher effects on CAR. However, the opposite happened: infusion of sulpiride into the DLS in a dose 50 times higher caused no effect at all. This inverted U shaped dose-response curve occurred probably because, depending on the dose, sulpiride may block post-synaptic or pre-synaptic D2 receptors (Surmeier et al., 2007) . (iv) An important difference between the study of Wadenberg et al. and this one is in training: they trained rats in the shuttle box over 3 days (up to asymptotic performance) before testing the effect of the drugs on CAR performance, while we tested their effects before or right after the first training session. Therefore, while they studied the role of D2 receptors on CAR performance and/or memory expression, we studied their role on CAR learning Drugs were given 10 min before testing the reaction time to footshock in the shuttle box. Data are presented as mean ± SEM. One-way ANOVA followed by the Newman-Keuls test showed a statistically difference of P < 0.05 between 0.5 lg/side quinpirole and 5.0 lg/side quinpirole. and memory consolidation. As stressed above, the main contribution of the present study is to present evidence that, in addition to the role of NAc D2 receptors on CAR performance, NAc and DLS D2 receptors play a role in CAR learning and/or consolidation -the former providing a fast and the latter a slow learning. In vitro studies indicate that D2-like receptors might affect responses to environmental stimuli by pre-and post-synaptic mechanisms: (i) increasing signal-to-noise ratio in corticostriatal neurotransmission (Cepeda & Levine, 1998; Frank & Hutchison, 2009); and (ii) inhibiting the indirect pathway, facilitating initiation of the proper action (Alexander, Delong, & Strick, 1986) . Activation of D2 receptors is also implicated in synaptic plasticity (Lovinger, 2010) . The finding that post-training intra-NAc administration of quinpirole and sulpiride decreased the number of avoidance scores in the test session suggests that release of DA and/or glutamate (impaired by quinpirole) and activation of post-synaptic D2 receptors (blocked by sulpiride) in the NAc are needed for memory consolidation of CARs, a finding in agreement with previous studies reporting a role for D2 receptors in the consolidation of other memory tasks (Bach et al., 2008; Boulougouris, Castane, & Robbins, 2009; Castro, Dos Reis-Lunardelli, Schmidt, Coitinho, & Izquierdo, 2007; Drew et al., 2007; Izquierdo, 1992; Lovinger, 2010; Pezze, Dalley, & Robbins, 2007; Setlow & McGaugh, 1998 .
Post-training infusion of these drugs into the DLS did not affect the number of avoidances in the test session, a finding that apparently does not support a role for DLS D2 receptors in memory consolidation of CARs. However, clearance of the phasic DA signal is shorter in the DLS compared to the NAc (Wickens, Budd, Hyland, & Arbuthnott, 2007) and the CAR task required long sessions (40 CS-US pairings; nearly 25 min) whereas most studies on memory consolidation use tasks that can be learnt in a single trial (McGaugh & Roozendaal, 2009 ). Therefore, it is possible that the post-training effect of sulpiride on memory consolidation was observed when it was infused into the NAc, but not into the DLS, because along the training session, DA released at each CS-US pairing accumulated in the NAc, but not in the DLS.
The high number of escape failures caused by infusion of sulpiride into the NAc suggests that it inhibits initiation of both conditioned and unconditioned responses. Intra-NAc infusion of sulpiride also decreased ITC and, in other studies, decreased locomotor activity (Wadenberg et al., 1990) . This seems to mimic the apathy observed in patients treated with D2 antagonists (Schlagenhauf et al., 2008) . Previous studies showed that reduction of both locomotion and CARs correlates with the blockade of D2 receptors (Wadenberg et al., 2000) and that CARs are sensitive to both typical and atypical antipsychotics (Wadenberg & Hicks, 1999) . Therefore, it is difficult to dissociate the effects of sulpiride on CAR and locomotor activity. As pointed out by Di Chiara (2002), considering response-reinforcement apart from motor performance is difficult because DA plays important roles in both functions. In addition, the view that DA facilitates choice of previously reinforced motor actions binds cognitive and motor aspects of action in a single function.
The role of DA in rewarding motivated actions is well established, but its role in learning aversively motivated tasks is controversial (Morris, Schmidt, & Bergman, 2010; Schultz, 2010) . The present study reinforces the hypothesis that DA is involved in learning aversively motivated tasks. This is in agreement with a recent study showing that some polymorphisms in human genes associated with the expression of D2 receptors in the striatum strongly predict efficient avoidance-based decisions (Frank & Hutchison, 2009) . In animal studies, it has been shown that rats submitted to inescapable footshocks undergo a form of learned helplessness that makes them unresponsive the next time they face the same environment . Since injection of sulpiride into the NAc decreased the number of escape responses to the footshock, this may have caused learned helplessness, explaining why these rats presented increased number of escape failures in the training session.
In summary, the findings of the present study suggest a differential role for D2 receptors in the NAc and DLS on CAR learning and performance. The former seems to be critical for fast adaptation of responding to unconditioned and conditioned aversive stimuli and the latter to slower learning of how to respond to conditioned stimuli based on previous experiences.
